In green plant-like photosynthesis, oxygen evolution is catalyzed by a thylakoid membrane-bound protein complex, photosystem II. Cytochrome b,,,, a protein component of the reaction center of this complex, is absent in a genetically engineered mutant of the cyanobacterium, Synechocystis 6803 [Pakrasi, H.B., Williams, J.G.K., and Arntzen, C.J. (1988). EMBO J. 7, 325-3321. In this mutant, the genes psbE and psbF, encoding cytochrome b,,,, were deleted by targeted mutagenesis. Two other protein components, D1 and 02 of the photosystem II reaction center, are also absent in this mutant. However, two chlorophyll-binding proteins, CP47 and CP43, as well as a manganese-stabilizing extrinsic protein component of photosystem II are stably assembled in the thylakoids of this mutant. Thus, this deletion mutation destabilizes the reaction center of photosystem II only. The mutant also lacks a fluorescence maximum peak at 695 nm (at 77 K) even though the CP47 protein, considered to be the origin of this fluorescence peak, is present in this mutant. We propose that the fluorescence at 695 nm originates from an interaction between the reaction center of photosystem II and CP47. The deletion mutant shows the absence of variable fluorescence at room temperature, indicating that its photosystem II complex is photochemically inactive. Also, photoreduction of Qn, the primary acceptor quinone in photosystem II, could not be detected in the mutant. We conclude that cytochrome b,,, plays at least an essential structural role in the reaction center of photosystem II.
INTRODUCTION
Photosystem II (PSII) is an integral membrane protein complex that mediates light-induced electron transfer from water to plastoquinone with concomitant release of oxygen. The core of this complex consists of at least five integral membrane proteins: D1 (34 kD), D2 (32 kD), chlorphyll-binding proteins CP47 and CP43, and cytochrome b,,, (Arntzen and Pakrasi, 1986) , as well as one or more extrinsic proteins. The roles of each of these polypeptides in the biogenesis and assembly of the PSll complex have not been elucidated completely. However, the functional involvement (e.g., binding of antenna and reaction center chlorophyll, quinone, etc.) of almost all of these proteins in PSll is now well established. The single exception is the cytochrome bS5, protein. Even the most simple photochemically active PSll preparation (Nanba and Satoh, 1987) contains D1, D2, and cytochrome b,,,. In spite of the physical evidence for the presence of cytochrome b,,, in PSII, its exact functional role has remained elusive. There ' To whom correspondence may be addressed. 77843-2142. are many suggested functions of this protein, including involvement in (1) electron transfer reactions on the oxidizing side of PSII, (2) proton transfer process during water oxidation, (3) cyclic electron flow around PSII, and (4) photoactivation to oxidize manganese during the formation of active oxygen-evolving PSll complexes (Cramer, Theg, and Widger, 1986) . Biochemical purification techniques have been unable to separate the cytochrome b5,, protein from PSll and still maintain photochemical activity of the isolated complex. Furthermore, the use of classical genetic approaches to determine the functional role of this protein has also been unsuccessful. Mutants lacking characteristic absorption changes of cytochrome b,,, are usually devoid of other PSll activities (Maroc and Garnier, 1981; Bishop, 1984) . However, the site of mutation in none of these mutants has been mapped to the genetic locus for cytochrome b559.
To obtain more information about the structural and/or functional role of cytochrome b,,, in PSII, we have created a targeted mutant in the unicellular cyanobacterium Synechocysris 6803 (Pakrasi, Williams, and Arntzen, 1988) . The advantages of using this strain are: (1) it is transformable with exogenous DNA and (2) PSII-deficient mutants can be maintained in glucose-enriched media. In Synechocystis 6803, two adjacent genes, psbE and psbF, encode two subunits, (Y and P, of cytochrome b,,,, respectively.
To construct a mutant that has specifically lost its cytochrome b,,, protein, we deleted these two genes, psbE and psbF, from the chromosome of Synechocystis 6803 and replaced them with a gene for aminoglycoside-3'-phosphotransferase, conferring resistance to kanamycin. The resultant deletion mutant, T1297, was PSII-deficient and could not mediate light-induced electron transfer from water to exogenous acceptors. Its PSI complex, however, was fully functional (Pakrasi, Williams, and Arntzen, 1988) .
In this paper, we have examined the properties of the PSll complexes in this mutant.
RESULTS

Oxidant-lnduced Reduction of Cytochrome bsss
To examine the presence of any functional cytochrome b,,, in the mutants, thylakoid membranes from wild-type and T1297 cells were incubated in the presence of ferricyanide and tetraphenylboron. As shown in Figure 1 , upon illumination with a saturating actinic flash, the thylakoids from wild-type cells exhibited absorption changes with a distinct peak at 559 nm. According to Velthuys (1 981), tetraphenylboron can act as a two-electron donor. Following flash excitation, the first electron is removed by an oxidized donor of PSII, and the second one reduces cytochrome b559 (previously oxidized by ferricyanide), as evidenced by the absorption peak at 559 nm. In our samples, reduction of cytochrome b,,, was accompanied by a broad absorption change, as deduced from the sloping baseline. The nature of the latter absorbing species is currently unknown. However, it is quite evident that the spectrum from the deletion mutant T1297 had no absorption peak at 559 nm. Thus, T1297 does not have any cytochrome b559 protein that is functionally associated with the reaction center (RC) of PSII. Each reaction mixture contained chlorophyll at 50 pg/ml in 4 mM HEPES-NaOH (pH 7.54, 10 mM NaCI, 200 pM K,Fe(CN),, 40 pM tetraphenylboron. The Al/l (1 cm) was measured at between 5 and 50 msec following a single actinic flash excitation of darkadapted material.
the PSll RC did not restore variable fluorescence to this mutant (data not shown). Thus, the loss of F, in this mutant
was not due to a defect on the oxidizing side of PSII.
Detection of Qn
The primary stable electron acceptor in PSll reaction center, Qn (in plant thylakoids), can be detected by its characteristic absorption peak centered at -325 nm. Figure 3 shows the flash-induced absorption changes in the near UV region from thylakoid preparations of wild-type and T1297 cells. The spectra of wild-type membranes show a prominent, asymmetric peak centered around 325 nm, indicating the presence of functional QA molecules in Sy- (---) Cells, Measured at 690 nm (10 nm Bandwidth).
The reaction mixture contained 3.3 pg/ml chlorophyll in 0.4 M sucrose, 1 O mM NaCI, 40 mM Tricine-NaOH (pH 7.5). The arrow indicates the time at which light was turned on. The lower solid trace was for the wild-type sample in the absence of DCMU and the upper solid trace was for the same sample in the presence of 1 O pM DCMU. The dashed trace was for the T1297 sample both in the absence and presence of DCMU.
nechocystis PSII. In comparison, T1297 thylakoids did not have any such peak at -325 nm, indicating the absence of Qn in its thylakoids. A peak at -305 nm with a much smaller amplitude is present in the spectrum from T1297. The exact identity of the absorbing species is unknown.
Presence of PSll Proteins
Figure 4 shows immunoblots of total thylakoid proteins from T1297 and wild-type cells. lncubation of nitrocellulose filters containing the blotted proteins with monospecific antibodies against the D1 and the D2 proteins (Ikeuchi, Yuasa, and Inoue, 1985) , as well as the manganesestabilizing 33-kD extrinsic protein (msp) of spinach PSll (Kuwabara, Reddy, and Sherman, 1987) , showed the presente of all of these proteins in the thylakoids from wildtype Synechocystis cells. Interestingly, the anti-D2 antibodies recognized two closely migrating but distinct bands, indicating the presence of two different conformers of D2, one of which may be phosphorylated (Delepelaire, 1984) . Comparison with prestained protein markers on the same blot (data not shown) indicate that, in our gel system, the nominal molecular masses of D1, D2, and msp are 34 kD, 32 kD, and 29 kD, respectively.
As shown in Figure 4 , the cytochrome bssg deletion mutant, T1297, lacks any D1 and 02 protein. Thus, the loss of the cytochrome bsS9 protein results in the absence of two other polypeptide components of PSll RC, D1 and D2. However, the extrinsic msp protein is still found to be associated with the thylakoid membranes. Previously, we have shown that T1297 thylakoids also contain the apoproteins of CP47 and CP43, two other chlorophyll-binding proteins of PSll (Pakrasi, Williams, and Arntzen, 1987) .
Fluorescence Emission at 77 K
Excitation of chlorophylls in whole cells of cyanobacteria at 77 K gives rise to three distinct emission peaks. Figure  5 shows the fluorescence emission spectrum from wild- The sample contained 25 pg/ml chlorophyll in 4 mM HEPESNaOH (pH 7.5), 10 mM NaCI, 1 O pM benzidine, 1 O0 pM K,Fe(CN),, 20 pM DCMU. Al/l (1 cm) was detected at 500 psec after a single saturating actinic flash.
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CP47 protein gives rise to F695 (Nakatani, 1983; Pakrasi, Riethman, and Sherman, 1985) . However, the T1297 mutant had detectable steady-state levels of the apoprotein of CP47 (see above), but lacked in the D1, the D2, and the cytochrome b 559 proteins. Thus, the presence of one or more of these last three polypeptides is essential for the emission of F695 from PSII.
DISCUSSION
We have utilized the efficient DMA-mediated transformation system of Synechocystis 6803 to create a deletion mutant, T1297, that has its psbE and psbF genes encoding the subunits of cytochrome b 5 59 protein replaced by a kanamycin-resistance gene cartridge (Pakrasi, Williams, and Arntzen, 1988) . Isolated thylakoids from this mutant showed the absence of any oxidant-induced reduction of cytochrome 0559 in the presence of ferricyanide and the lipophilic two-electron donor, tetraphenylboron ( Figure 1 ). Thylakoids from T1297 mutant cells (lanes 1,3, and 5) and wildtype cells (lanes 2, 4, and 6) were fractionated on 10% to 20% LiDodSCVPAGE and electrophoretically blotted on nitrocellulose filters. Different strips of the same blot were decorated with monospecific antibodies against the D1 protein (lanes 1 and 2), the D2 protein (lanes 3 and 4), and the extrinsic manganesestabilizing protein (lanes 5 and 6) from spinach PSII. The sample run in each lane contained thylakoids corresponding to 6 ^g of chlorophyll.
type Synechocystis cells, indicating the presence of these three peaks at 685 nm (F685), 695 nm (F695), and 720 nm (F720), respectively. Among these, F685 and F695 originate from PSII, whereas F720 originates from PSI. In comparison, the fluorescence emission spectrum of T1297 cells showed the presence of F685 and F720, whereas F695 was absent. F685 is thought to originate from the antenna chlorophyll of PSII as well as from the terminal allophycocyanin B pigment in the phycobilisomes. Isolated (Figure 2) . Moreover, addition of DCMU, an electron transport inhibitor on the acceptor side of PSII, did not increase the leve1 of fluorescence from T1297 cells. Absence of any functional reaction center was also supported by the fact that 14C-labeled atrazine, another inhibitor on the reducing side, did not bind to the thylakoids in whole cells of T1297 (data not shown). Flash-induced absorption measurements showed that Q,,, the stable primary acceptor of PSII, was also absent from the mutant thylakoids (Figure 3) . Thus, the absence of the cytochrome b559 protein completely inactivated the PSll RC.
Biochemical studies have shown that cytochrome b,,, is an integral component of the PSll complex. Thus, it is expected that the deletion of the genes encoding this protein would have a major destabilizing effect on PSII, a multisubunit protein complex. As shown in Figure 4 , thylakoids from T1297 did not have detectable steady-state levels of either D1 or D2 protein. However, both chlorophyll-binding integral membrane proteins, CP47 and CP43, as well as the extrinsic msp protein, were still present in a thylakoid-associated form. Similar observations have been made with CP47-and D1-less mutants of Synechocysfis 6803 (Vermaas et al., 1986; Jansson et al., 1987) . According to our data, in the absence of cytochrome b559r the D1 and the D2 proteins do not accumulate in the thylakoid membranes and, consequently, the reaction center activities of PSll are absent. Interestingly, Nanba and Satoh (1987) have recently isolated a PSll reaction center complex that has three polypeptide components-D1 , D2, and cytochrome LI,,^. Thus, the T1297 mutant provides a genetic definition for the RC core of PSII.
Two presumptive antenna chlorophyll-binding proteins, CP47 and CP43, were present in the thylakoids. Moreover, the extrinsic msp protein was still associated with the thylakoids. Bricker, Odom, and Queirolo (1988) have suggested that a binding site of the msp protein is on the CP47 protein. Thus, in the future, it will be interesting to determine whether the CP47, CP43, and msp proteins in this mutant are assembled in a membrane-bound protein complex. However, this deletion mutant in Synechocystis 6803 provides a picture of the biogenesis of the PSll complex that is very different from the ones obtained from the analysis of mutants of the green eukaryotic alga, Chlamydomonas, and vascular plants (Metz and Miles, 1982; Rochaix and Erickson, 1988) . In these eukaryotes, lesions in the structural gene for any one of the PSll proteins or any regulatory gene destabilizes the whole complex so that none of the other proteins accumulates in the membrane.
The origin of F695 at 77 K has been postulated to be a special pigment molecule on the CP47 protein (Nakatani, 1983; Pakrasi, Reithman, and Sherman, 1985) . Analysis of a CP47-less mutant of Synechocystis 6803 (Vermaas et al., 1986) has also supported this idea. However, subsequent analysis has indicated that this CP47-less mutant also lacks the D1 and the D2 protein (Vermaas, Ikeuchi, and Inoue, 1988) . T1297 has the apoprotein of CP47 present in its thylakoids, but did not emit any F695. It is possible that the chlorophyll molecule(s) emitting F695 is not assembled on CP47 in this mutant. We suggest that the presence of one or more of the three reaction center proteins, D1, D2, and cytochrome b,,,, is necessary for the proper organization of the F695-emitting pigment in PSII.
In conclusion, we have definite evidence for a structural requirement for cytochrome b559 in PSII. In future studies, site-directed mutagenesis of specific amino acid residues of this protein may help in defining its functional role in photosynthesis.
METHODS
Strains and Culture Conditions
Synechocystis 6803 was grown in BG11 medium as described in Pakrasi, Williams, and Arntzen (1 988). T1297, the cytochrome bsss deletion mutant, was propagated in the presence of kanamycin sulfate at 1 O pg/ml. lsolation of Thylakoid Membranes Synechocystis cells from 4-day-old to 6-day-old liquid cultures were harvested and resuspended at high concentrations in a breakage buffer containing 0.4 M sucrose, 10 mM NaCI, and 40 mM Tricine-NaOH (pH 7.5). For the purpose of protein analysis, three protease inhibitors, phenylmethylsulfonyl fluoride, benzamidine, and e-aminocaproic acid were also added to the breakage buffer at final concentrations of 1 mM each. Glass beads (75 pm to 150 pm, Sigma) were added to each of the cell suspensions.
The mixture was then shaken three times on a hand-held vortex mixer for 3 min with 2-min intervals between, during which the cells were kept on ice. The glass beads were filtered by passing through one layer of Miracloth (Boehring Diagnostics). The suspension was spun at 3,0009 for 5 min to pellet unbroken cells as well as any residual glass beads. The resultant supernatant was then spun at 40,OOOg for 30 min to pellet the membranes down. For protein analysis, the pelleted membranes were resuspended in small volumes of the breakage buffer and stored at -8OOC. For flash-induced absorption measurements to detect cytochrome b,,, and QA (see below), the membranes were washed in buffer A [10 mM NaCl and 4 mM HEPES-NaOH (pH 7.5)J and then resuspended in a small volume of the same buffer.
Protein Analysis
The polypeptide profiles of thylakoid membranes from wild-type and T1297 cells were analyzed on 10% to 20% LiDodSO,/ polyacrylamide gels as described in Pakrasi and Sherman (1984) .
Samples were heated at 70°C for 5 min before loading on the gel.
Protein blotting onto nitrocellulose filters and incubation with polyclonal antibodies (raised in rabbit) were performed according to Pakrasi, Reithman, and Sherman (1 985) . For immunodecoration, goat-anti-rabbit IgG-alkaline phosphatase conjugate was used, followed by BCIP/NBT color development reagent according to the procedure supplied from Bio-Rad.
Functional Analysis
Fluorescence lnduction
The time course of induction of fluorescence from whole cells at room temperature was measured on a custom-built fiuorometer (Paterson and Arntzen, 1982) that was modified by placing a 690 nm interference filter (10 nm bandwidth; Corion, Holliston, MA) in front of the detecting photodiode. Fluorescence emission spectra were measured on an SLM 4800 spectrofluorometer as described in Pakrasi, Reithman, and Sherman (1 985).
Q, , Measurements
The presence of QA in the thylakoids of the wild-type and T1297 cells was assessed by the measurement of flash-induced absorbance changes in the UV region (Schenck et al., 1981) . The measurements were made on a custom-built flash spectrometer similar to the one described by Joliot, Beal, and Frilley (1980) . lsolated thylakoids were resuspended in buffer A (see above) to a final chlorophyll concentration of 25 pg/ml. Benzidine (10 pM), potassium ferricyanide (1 O0 pM), and DCMU (20 pM) were added in the dark, and then light-induced absorbance changes at various wavelengths were measured by using a train of detecting flashes following a saturating actinic flash.
Cytochrome bsss Measurement
The presence of cytochrome b559 associated with functional PSll reaction centers was assessed on the same spectrophotometer by measuring flash-induced absorption changes between 535 nm and 575 nm, according to Velthuys (1 981). Tetraphenylboron (sodium salt, Sigma) and potassium ferricyanide were added in the dark to the thylakoid suspension in buffer A at final concentrations of 40 pM and 200 pM, respectively.
